Several electrophoretic and chromatographic systems have been investigated and compared for sequence analysis of oligodeoxyribonucleotides. Three systems were found to be useful for the separation of a series of sequential degradation products resulting from a labeled oligonucleotide: (I) 2-D electrophoresist; (II) 2-D PEI-cellulose; and (III) 2-D homochromatography. System (III) proved generally most informative regardless of base composition and sequence. Furthermore, only in this system will the omission of an oligonucleotide in a series of oligonucleotides be self-evident from the two-dimensional map. The sequence of up to fifteen nucleotides can be determined solely by the characteristic mobility shifts of its sequential degradation products distributed on the two-dimensional nap. With this method, ten nucleotides from the doublestranded region adjacent to the left-hand 3'-terminus and seven from the righthand 3'-terminus of bacteriophage X DNA have been sequenced. Similarly, nine nucleotides from the double-stranded region adjacent to the left-hand 3'-terminus and five nucleotides from the right-hand terminus of bacteriophage <(i80 DNA have also been sequenced. The advantages and disadvantages of each separation system with respect to sequence analysis are discussed.
INTRODUCTION
Sequence determination of T)NA molecules has lagged far behind sequence determination of RNA molecules. Among the various reasons, two major difficulties have been the lack of base specific endonucleases and the large size of DNA molecules. The recent discovery of several base-sequence specific restriction 2-8 endonucleases has allowed the production of a population of smaller segments of homogeneous DNA molecules. This advance, coupled with the development of DNA 9-13 sequence analysis by the "primer extension" method using DNA polymerase tô Abbreviations used: 2-D electrophoresis (two-dimensional electrophoresis), electrophoresis on cellulose acetate strip at pH 3.5 (pyridine-acetate buffer) followed by electrophoresis on DEAE-cellulose paper (DE 81) at pH 1.9 (formicacetic acid buffer) or pH 3.5 (pyridine acetate buffer). 2-D PEI-cellulose, electrophoresis on cellulose acetate strip at pH 3.5 (pyridine-acetate buffer) followed by chromatography on PEI-cellulose thin layer plate (cellulose impregnated with polyethyleneimine) in LiCl containing 7 M urea. 2-D homochromatography, electrophoresis on cellulose acetate strip at pH 3.5 (pyridine-acetate (Continuation of footnote from preoeeding page.) buffer) followed by homochromatography on DEAE-cellulose thin layer plate in IX partially hydrolyzed yeast RNA containing 7 M urea. Homo-mix, a solution of partially hydrolyzed RNA containing 7 M urea for use in homochromatography. d-value (differential value), the difference in mobility between two adjacent oligonucleotides In homochromatography. m-value. as defined by Sanger et at. dp"N, 32 P-labeled 5'-deoxyribonucleotide. dNp", 32 P-labeled 3'-deoxyribonucleotide.
MATERIALS

DNA.
A DNA was isolated from the lambda phage obtained by heat induction of E. coli strain W3350 (ACj 857) or in larger amounts by heat induction of E. aoli strain M5107 (XCj. 857 S7). One sample of A DNA was a gift of Dr. G.
Ghangas. $80 DNA was isolated from the bacteriophage 4>8O which is available as a prophage in the E. aoli strain Y mel ($80) inducible by ultraviolet irradiation.
Enzymes. E. coli DNA polymerase used was as reported previously. '
Bacterial alkaline phosphatase (BAP-c), pancreatic DNase and snake venom phosphodiesterase were purchased from Worthington Biochemical Co. The venom phosphodiesterase was further purified before use. Purified spleen phosphodiesterase with no detectable phosphatase activity was a gift of Dr. G.
Bernard!. Calf thymus deoxynucleotidyl terminal transferase was a gift of Dr. R. Roychoudhury. 32 Labeled nuoleoside triphosphates and chemicals, a-P-dATP (20-75 mCi/ 32 32 umole), a-P-UTP and a-P-GTP (60-100 mCi/ymole) were purchased from New England 32 Nuclear Co., and y-P-ATP (60-100 mCi/umole) were purchased from ICN (Irvine, California). The yeast RNA for the preparation of the Homo-tnix was purchased from Gallard-Schlesinger Chemical Mfg, New York, and the urea was from Allied Chemicals. The DEAE-cellulose plates were made from a 7.5:1 mixture of cellulose MN-300 HR and DEAE-cellulose 300 purchased from Brinkmann Instruments, and were developed in home-made one-inch wide plexiglass tanks. The PEI-cellulose on plastic sheets (20 x 20 cm) were purchased from Brinkmann Instruments. (Table I ). 20 gm of yeast RNA (free acid) was suspended in water (88-80 ml). While cooling in an ice-bath, the appropriate amounts of 5N K0H (12-18 ml) were added and the mixture was shaken at 37°C for 24 hours for Homo-mixes I through V and for 48 hours for Homo-mix VI. 100 ml of water was added and the mixtures were neutralized with IN HC1. • The labeled oligonucleotide was purified and desalted on a G-50 Sephadex column. It was eluted from the column with 0.05 M triethylammonium bicarbonate. 32
METHODS
Preparation of Homo-mixes I to VI
Removal of the 3 '-terminal ribonualeoside from an oligonucleotide-P-rN.
The labeled oligonucleotide-P-rN was oxidized in a solution containing 4 ul water, 1 pi 2N triethylammonium bicarbonate and 2 pi 0.1 M NalO^ at room temperature for 1 hour. 5 pi of 1 M n-propylammonium bicarbonate (pH 7.5) was added and the solution was kept at 45°C for 3 hours. 1 pi of 0.2 M glycerol was added to destroy the excess NalO.. The triethylammonium bicarbonate was removed by 32 evaporation in a desiccator. The product is oligonucleotide-3'-P. 32 Labeling of the r-strand of X DNA and <t>S0 DNA with one P-rGMP using DNA 32 polymerase and a-P-GTP. A mixture containing 50 pg of DNA, 80 mM imidazole (pH 6 . 9 ) , 70 mM KC1, 180 mM NaCl, 0.5 mM MnCl.,. 10 mM d i t h i o t h r e i t o l , 2 uM a-2 P-rGTP (80-100 mCi/umole) and 10-20 u n i t s of E. ooli DNA polymerase ' i n a f i n a l volume of 0.6 ml was incubated a t 5°C for 4 hours. Fig. 1 ) . The addi^on of a dpC causes a mobility shift to the right, a dpT or dpG causes' a shift to the left, and a dpA, in most cases, gives a vertical shift. In the case of the addition of a dpA to an oligonucleotide containing only dpC or a mixture of dpC and dpA, a small shift to the left is observed which can easily be distinguished from the large shift due to the addition of a dpG or dpT. The addition of a dpA to an oligomer containing mostly dpT and dpG will cause a very small shift to the right, much smaller than the shift observed for addition of a dpC.
One major difficulty in applying this'technique to DNA is the fact that both pG and pT have overlapping m-values, and the addition of either causes a mobility shift in the first dimension to the left, which makes their unambiguous distinction impossible. After using various synthetic oligodeoxynucleo- with this sequence. To differentiate whether oligomer 4 was due to a gain of a dpG or dpT, the spots were eluted and were run in another system (one-dimensional homochromatography) which will be discussed later.
tides (such as pT-T-T-T-T, pG-G-G-C-G, pC-A-G-T-T, pG-T-A-
Similarly, the left-hand end of \ DNA was labeled with a P-dAMP and the pancreatic DNase digest was fractionated in the 2-D electrophoresis system (Fig.   2 ). Accordingly, oligomer 1 was characterized by co-electrophoresis with d(pGpA) and oligomer 9 was deduced as dp
(G or T)-(G or T)-A-C-C-C-(G or T)-C-G-A. Again,
the ambiguity between dpG or dpT was resolved by running the eluted oligonucleotides in one-dimensional homochromatography. Each oligomer was further characterized by complete spleen phosphodienterase digestion which gave the expected nearest neighbor dGp for both the natural 3'-ends (right-and left-hand ends) of X DNA. This data again shows that 2-D electrophoresis alone cannot give the complete sequence of an oligonucleotide containing dpG or dpT. Furthermore, since the range of the m-values is rather large, omission of a single nucleotide, particularly dpC from an adjacent oligomer, will not be self-evident.
<J>80 DNA has the same cohesive end sequence as X DNA, and so it is possible to label its 3'-ends in the same way as in X DNA. The right-hand 3'-end was labeled with a P-rGMP and the pancreatic DNase digest was run on 2-D electrophoresis. The dimer dpGrpG was characterized by co-electrophoresis with a standard and all of the spots showed the correct dGp nearest neighbor.
All of the spots appeared in the same positions as the corresponding spots in the experiment with the 3'-terminally labeled fragments from the right-hand end of X DNA. The spots were isolated and further characterized by one-dimensional homochromatography. 
be (G or T)-C-(G or T)-(G or T)-C-G-A.
These spots were also isolated and run on homochromatography to differentiate dpG from dpT.
(II) Chromatography on PEI-aellulose. Various laboratories have reported the use of PEI-cellulose thin layer chromatography (cellulose impregnated with 18 32 34 polyethyleneimine) for the fractionation of oligoribonucleotides. ' ' We have also investigated the possibility of using the PEI-cellulose system for 18 mapping the partial digestion products of short oligodeoxynucleotides. Murray has recently used pyridine-formate (pH 3.5) buffer with PEI-cellulose plate for DNA sequence analysis of short oligonucleotides. From our preliminary studies using this system, we found that although it is capable of fractionating larger oligonucleotides than the 2-D electrophoresis systems, it has the following disadvantages: (a) In this system, although the m-values for the gain of a dpG or a dpT are much larger than those for a dpA or dpC, they vary considerably depending on the R_, values of the oligomers being compared.
Because of the variance and overlap of mobility shifts, this system like the 2-D electrophoresis system cannot unequivocally distinguish a dpG from a dpT. trations, but they remain rather constant for each nucleotide tested. The m-value for the gain or loss of a dpG residue is twice that for a dpT or dpC.
Thus, this system can be used in conjunction with 2-D electrophoresis for differentiating between a dpG or dpT addition.
Since chromatography on PEI-cellulose plates in LiCl-7 M urea can distinguish the addition of a dpG from a dpT, and electrophoresis on cellulose acetate distinguishes dpC, dpA and dpT or dpG, a 2-D fractionation by electrophoresis on cellulose acetate, pH 3.5, followed by chromatography on PEI-cellulose should be sufficient to define the sequence' of an oligonucleotide by the mobility shifts of its partial degradation products. Figure 5 shows the map of 32 the partial venom phosphodiesterase digest of a 5'-P-labeled synthetic tetra-
-T-C-C-A-T-C-A-C-T-T-A-A).
T From the mobilities of the intermediates in this PEI-cellulose system, it could be seen that the m-values for the gain of a dpC and dpT are much smaller than the m-value for the gain of a dpG.
However, the m-value for the gain of a dpA is also small. Since the gain of a dpC or a dpA has a characteristic shift in the first dimension, and the gain of a dpG from a dpT can be clearly distinguished in the second dimension, this 2-D fractionation system seems useful for sequence analysis by the characteristic mobility shift method. (Table I ) .
ORIGIN FIGURE 7 --One-dimensional homochromatography of the 5'-labeled tetradecamer d (32pA.-G-T-C-C-AT-C-A-C-T-T-A-A)at increasing time of incubatian.
• Since from the first dimension in cellulose acetate, pH 3.5, one can usually distinguish dpC, dpA and dpG or dpT, and if from the second dimension in homochromatography one can indeed distinguish a purine from a pyrimidine nucleotide (dpG from dpT) , then one can deduce the complete sequence of the oligonucleotide solely from the 2-D mobility shifts of its sequential partial degradation products.
We first wished to demonstrate whether by homochromatography, one can consistently differentiate the gain of a purine from a pyrimidine, and especially dpG from dpT. The synthetic pentamers, dT(pT). and d(G-G-G-C-G), were labeled 32 at the 5'-ends with P. The partial venom phosphodiesterase digests were run on one-dimensional DEAE-cellulose plate with Homo-mix VI (Methods section and Table I ) . From Figure 6 (panel 6), it is evident that the difference of mobility or differential value (d-value) for the loss or gain of a dpG is approximately 1.5 times as large as that of a pyrimidine, dpT or dpC. Having established that on homochromatography one can clearly distinguish the gain of a pG from a dpT, the oligomers from Thus, the left-hand sequences from the 3'-ends are similar in X DNA and $80 DNA 19 but not identical.
This technique can readily pinpoint the differences.
From these results, it was concluded that the 2-D electrophoresis on cellulose acetate, pH 3.5, followed by homochromatography on DEAE-cellulose (system III) is more useful and informative than the other two systems studied for DNA sequence analysis. Oligonucleotldes of up to pentadecamer, regardless of composition and base sequence, can be unambiguously sequenced solely from the mobility shifts of their partial degradation products on the 2-D map with the suitable Homo-mix. Occasionally, the relative mobility of the mono-and dinucleotides in the first dimension (see Figure 9 ) does not strictly follow the mobility rule. However, combining data from partial venom phosphodiesterase digest with that from partial spleen phosphodiesterase digest will confirm and double check the sequence. The validity of this method has been completely confirmed by using two other terminal labeling procedures followed by sequence analysis.
